1. Introduction {#sec0005}
===============

Engineered silica nanoparticles (SiO~2~-NPs) find widespread application leading to exposure of humans *via* oral intake and inhalation. Despite their widespread use, the potential toxicological implications and molecular modes of action are not well known. In mice, SiO~2~-NPs occurred in mononuclear phagocytic cells in liver and spleen and induced hepatocytic necrosis, increased serum aminotransferase, and inflammatory cytokines [@bib0155]. The clearance from bloodstream and tissues can be very slow [@bib0050]. SiO~2~-NPs enter cells and induce time- and size-dependent cytotoxicity at high doses by induction of oxidative stress, membrane damage, as well as disturbed calcium homeostasis [@bib0015], [@bib0165]. Recently, we have shown that SiO~2~-NPs also lead to induction of ER stress in human hepatoma cells [@bib0060].

The ER stress response is triggered when folding and export of proteins is perturbed under different cellular stress conditions. Accumulation of non- or misfolded proteins in the ER triggers an adaptive response, the unfolded protein response (UPR) that attenuates protein *de novo* synthesis and enhances the production of chaperones that facilitate protein folding [@bib0105] Additionally, enhanced proteosomal degradation of misfolded proteins (proteotoxicity) and apoptosis is induced after a cascade of molecular reactions. There are three distinct pathways triggered by ER stress, all of which induce the expression of different genes aiming to restore the normal function of the ER, and in case it fails, apoptosis will be induced ([@bib0185]). The pathways are based on activation of the chaperone BiP (or also called GRP78) that dissociates from transmembrane proteins (ER-resident signaling proteins), such as protein kinase like ER kinase (PERK), inositol-requiring protein 1 (IRE1) and activating transcription factor 6 (ATF6). PERK then phosphorylates eukaryotic elongation factor 2α (eIF2α), which leads to a general translation block, but also to a specific translation of *ATF4* [@bib0100]. IRE1 turns X-box binding protein 1 (*XBP-1*) mRNA into the transcription factor XBP-1s. ATF6 gets phosphorylated and turns into a transcription factor. XBP-1s and ATF6 positively lead to up-regulation of a wide variety of ER stress target genes, including chaperones BiP (GRP78). ATF4 and ATF6 result in up-regulation of CCAAT/enhancer-binding protein-homologous protein *CHOP* (or also called *GADD153*), which is a pro-apoptotic marker gene. Overexpression of *CHOP* promotes cell death.

On this basis, the ER stress response can be assessed by selective markers such as induction of the chaperone BiP, splicing of *XBP-1* mRNA, and phosphorylation of eIF2α⋅ The ER stress response and associated UPR has important consequences, including apoptosis. It accompanies acute and chronic liver diseases and plays a significant role in liver pathogenesis [@bib0065]. Additionally ER stress can activate NFκB [@bib0150] leading to the expression of interferons (INFs) Type I and inflammatory cytokines like TNF-α [@bib0005]. Interferons have a wide variety of biological activities including antiviral, immunomodulatory, antiangiogenic and antiproliferative and promote apoptosis [@bib0210]. IFNs stimulate the expression of anti-viral genes (ISG) [@bib0005] and induce several hundreds of genes [@bib0070]. Most prominent is ISG-15, a broadly active non-specific antiviral effector and an ubiquitin-like protein that conjugates to over 150 cellular target proteins [@bib0175]. TNF-α is involved in the inflammatory response, apoptosis, cell proliferation and cell differentiation.

Inflammatory and immune responses are regulated by multiple signaling pathways. Among them are the NFκB and mitogen-activated protein kinase (MAPK) signaling pathways, which include many proteins including MAPK (originally called the extracellular signal-regulated kinase1/2 ERK1/2), p38, CREB, cMyc and c-Jun N-terminal kinase (JNK) pathways. MAPK regulates the activities of many transcription factors. MAPK phosphorylates cMyc and activates MNK, which phosphorylates CREB. By altering transcription factors, MAPK leads to altered transcription of genes important for the cell cycle. Thus, the MAPK pathway is important in the cellular stress response and modulates a variety of inflammatory responses [@bib0075], apoptosis and plays a role in cancer development.

Based on our previous demonstration that by SiO~2~-NPs induced expression of *BiP* and splicing of *XBP-1* mRNA as two markers of ER stress [@bib0060], here we aimed to deepen our understanding on ER stress and associated UPR induction and its consequences as well as on oxidative stress and MAPK signaling. By focusing on these important cellular signaling pathways, here we demonstrate that SiO~2~-NPs up-regulates PP2Ac, induces three pathways of ER stress reaction, activates NFκB, and induces the expression of TNF-α, IFN-α and some of its downstream genes, and thus establish an anti-viral response in human hepatoma cells. We demonstrate that up-regulation of ER stress and associated UPR and interference with IFN and MAPK signaling are important modes of action of SiO~2~-NPs.

2. Materials and methods {#sec0010}
========================

2.1. SiO~2~-NP preparation {#sec0085}
--------------------------

Fumed SiO~2~-NPs were purchased from Sigma--Aldrich, Buchs, Switzerland. NPs were weighted, mixed with nano pure water to obtain a stock solution of 1 mg/ml and stirred for 1 h and sonicated in a water bath for 5 min. NP suspensions were subsequently diluted with nano pure water and finally a 1:2 dilution with the cell culture medium (without FBS) was done to achieve the final assay concentrations. Before adding the NP dilutions to the cells, the dilutions were mixed again to distribute the NPs as homogenously as possible.

2.2. Nanoparticle tracking analysis (NTA) {#sec0090}
-----------------------------------------

SiO~2~-NPs at a concentration of 1 mg/ml were dispersed in cell culture medium, stirred for 1 h and sonicated in a water bath for 5 min. Afterwards the particle size distribution was determined by NanoSight LM10 (NanoSight Ltd., U.K.) followed by evaluation using the Nanoparticle Tracking Analysis (NTA) software.

2.3. Huh7 cells {#sec0095}
---------------

The human hepatoma cell line Huh7 was kindly provided by Markus Heim, University Hospital Basel, Switzerland. Cells were grown in DMEM with GlutaMAX™ (LuBioScience, Lucerne, Switzerland) supplemented with 10% FBS in a humidified incubator with 5% CO~2~ at 37 °C. Cells were usually split every 4 days and sub-cultured at split ratios of about 1:6.

2.4. RNA isolation, reverse transcription, and quantitative (q)PCR {#sec0100}
------------------------------------------------------------------

Total RNA was isolated from Huh7 cells using Trizol reagent according to the manufacturer\'s instructions. RNA was reverse transcribed by Moloney murine leukemia virus reverse transcriptase (Promega Biosciences, Inc., Wallisellen, Switzerland) in the presence of random hexamers (Roche) and deoxynucleoside triphosphate. The reaction mixture was incubated for 5 min at 70 °C and then for 1 h at 37 °C. The reaction was stopped by heating at 95 °C for 5 min. qPCR was performed based on SYBR green fluorescence (SYBR green PCR master mix; Roche, Switzerland). The sequences of the used primers are shown in [Table 1](#tbl0005){ref-type="table"}. The amplification conditions were 95 °C for 5 min for initial denaturing, 40 cycles of 95 °C for 30 s for denaturing, 61 °C for 60 s for annealing and elongation. A melting curve was run afterwards. The difference in the cycle threshold (ΔCT) value was derived by subtracting the CT value for GAPDH, which served as an internal control, from the CT value for the target genes. All reactions were run in duplicates using a BioRad real time PCR machine (CFX 96 Real Time System). mRNA expression levels of target genes were expressed as a several fold increase according to the formula 2ΔCT (not exposed) −ΔCT (exposed).Table 1Sequences of used qPCR primers.PrimerForward (5 ′→ 3′)Reverse (5 ′→ 3′)*GAPDH*GAAGGTGAAGGTCGGAGTCGAAGATGGTGATGGGATTTC*ATF4*AGT GGC ATC TGT ATG AGC CCAGCT CCT ATT TGG AGA GCC CCT*BiP*CGA GGA GGA GGA CAA GAA GGGAC CTT GAA CGG CAA GAA CT*XBP-1s*TGC TGA GTC CGC AGC AGG TGGCT GGC AGG CTC TGG GGA AG*Noxa*ATT ACC GCT GGC CTA CTG TGGTG CTG AGT TGG CAC TGA AA*PP2Ac*CCA CAG CAA GTC ACA G/CAT TGGCAGAGCACTTGATCGCCTACAA*TNF-α*CAG CCT CTT CTC CTT CCT GATGAGGTACAGACCCTCTGAT*IP-10*CGA TTC TGA TTT GCT GCC TTA TCGCAGGTACAGCGTAGATTTC*IRF-9*CCCGAAAACTCCGGAACTGCAGCACACTCCGGGAAACT*ISG-15*GGTGGACAAATGCGACGAAATG CTG GTG GAG/C GCC CTT A*CREB*ATT CAC AGG AGT CAG TGG ATA GTCAC CGT TAC AGT GGT GAT GG*c-Jun*TCC AAG TGC CGA AAA AGG AAGCGA GTT CTG AGC TTT CAA GGT*STAT1*ATC AGG CTC AGT CGG GGA ATATGG TCT CGT GTT CTC TGT TCT*c-Myc*TGA GGA GAC ACC GCC CACCAA CAT CGA TTT CTT CCT CAT CTT

2.5. Preparation of cell extracts and immunoblotting {#sec0105}
----------------------------------------------------

Cells were homogenized in 50 μl of lysis buffer (50 mM Tris, 150 mM NaCl, 15 mM EDTA, 0.1% Triton X-100 and 1 mM phenylmethylsulfonyl fluoride) incubated for 20 min on ice, centrifuged at 14,000 rpm for 5 min. Protein concentrations were determined with Thermo Scientific BCA™ protein assay kit (Fish Scientific, Wohlen, Switzerland). Immunoblotting was performed as described [@bib0245]. To detect the PP2Ac and BiP band, the membranes were scanned with a Fujifilm FLA-9000 scanner (Bucher biotec, Basel, Switzerland). Membranes were stained after scanning with Ponceau S solution (Sigma--Aldrich, Buchs, Switzerland) to check for equal loading.

2.6. ROS assay for assessment of reactive oxygen species (ROS) production {#sec0110}
-------------------------------------------------------------------------

Huh7 cells were plated at a density of 50,000 cells per well in 96-well plates. After a 24 h recovery cells were treated with either non-toxic or toxic concentrations of SiO~2~-NPs (0.005, 0.05 and 0.5 mg/ml). After 24 h incubation, the medium was aspirated and each well was washed with PBS. Thereafter, cells were incubated with 100 μM H~2~DCFDA for 30 min and washed again with PBS. H~2~DCFDA is a non-fluorescent, cell permeable substrate that is converted into a fluorescent product by reactive oxygen species. The fluorescence (extinction at 485 nm and emission at 530 nm) was measured by an automatic microplate reader (Tecan Infinite M200, Tecan, Männedorf, Switzerland).

2.7. MTT assay for cytotoxicity assessment {#sec0115}
------------------------------------------

Huh7 were plated at a density of 50,000 cells per well in 96-well plates. After 24 h, cells were treated with 0.005, 0.05 and 0.5 mg/ml SiO~2~-NPs for 24 h. Before adding 25 μL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/mL in PBS, Sigma--Aldrich, Buchs, Switzerland) to each well, the medium containing the SiO~2~-NPs was soaked off, each well was washed once with PBS and 200 μL medium were added. Subsequently the plates were incubated at 37 °C for 3 h. At the end of this period, the medium, containing the MTT solution, was replaced with 150 μL dimethyl sulfoxide and shaken for 10 min to solubilize the crystals. The absorbance was measured by an automatic microplate reader (GENios Tecan reader, Tecan, Männedorf, Switzerland) at 570 nm. The results were expressed as percent living cells compared to untreated control cells.

2.8. TNF-α ELISA {#sec0120}
----------------

In the supernatant of Huh7 cells, the levels of TNF-α were measured according to the manufacturer\'s instructions (Bioscience, San Diego, USA).

2.9. NFκB activation assay {#sec0125}
--------------------------

The activation of NFκB was investigated using the TransAM-NFκB p65 assay according to the manufacturer\'s instructions (Active Motif, LaHulpe, Belgium)

3. Results {#sec0015}
==========

3.1. Characterization of SiO~2~-NPs {#sec0020}
-----------------------------------

The employed SiO~2~-NPs previously analyzed by [@bib0060] were characterized by heterogeneous size distribution of the SiO~2~-NPs with a mean size of 273 nm, a BET of 115 m^2^/g and a Zeta potential of −12.7 mV. For confirmation, SiO~2~-NPs were measured again. The heterogeneous size distribution with particles with a size smaller than 100 nm and particles bigger than 500 nm were determined. The majority of particles showed a size between 100 and 300 nm with an average of 225 ± 32 nm (Fig. S1).

3.2. Induction of ER stress in Huh7 cells {#sec0025}
-----------------------------------------

In our previous study, we demonstrated the uptake of the SiO~2~-NPs into Huh7 cells by transmission electron microscopy [@bib0060]. Based on our previous data demonstrating an induction of ER stress in Huh7 cells after exposure to SiO~2~-NP, here we made a more detailed analysis of ER stress and induction of the UPR. We investigated three well known ER stress markers associated with three distinct branches of the UPR, namely *ATF-4*, *BiP* and *XBP-1s*. Huh7 cells were exposed to 0.005, 0.05 and 0.5 mg/ml SiO~2~-NPs for 24 h followed by quantification of *ATF-4*, *BiP* and *XBP-1s* mRNA. SiO~2~-NPs lead to a strong induction of *BiP* and *XBP-1s* at all concentrations and a moderate but significant induction of *ATF-4* at 0.05 and 0.5 mg/ml ([Fig. 1](#fig0005){ref-type="fig"}A). In addition to the transcript BiP protein was induced at 0.05 mg/ml SiO~2~-NPs ([Fig. 1](#fig0005){ref-type="fig"}B). These data clearly demonstrate that exposure to SiO~2~-NP lead to ER stress and associated induction of UPR. In addition we analyzed the expression of *Noxa*, a gene up-regulated in response to ER stress. We found a strong up-regulation of *Noxa* after exposure to 0.05 and 0.5 mg/ml SiO~2~-NPs ([Fig. 1](#fig0005){ref-type="fig"}C).Fig. 1Induction of ER stress in Huh7 cells after SiO~2~-NP exposure. (A) Huh7 cells were exposed to 0.005 (blank bars), 0.05 (vertical strips) and 0.5 mg/ml (horizontal strips) SiO~2~-NPs for 24 h followed by the investigation of mRNA level of *ATF-4*, *BiP* and *XBP-1s*. (B) Huh7 cells were exposed to 0.05 mg/ml SiO~2~-NPs for 24 h followed by Western blot analysis for BiP (upper panel). As loading control the Western blot membrane was stained with Ponceau S solution (lower panel). (C) Huh7 cells were exposed to 0.05 (blank bar) and 0.5 mg/ml (vertical strips) SiO~2~-NPs for 24 h followed by the detection of mRNA levels of *Noxa*. Shown are the results of three independent experiments. Significant differences with *p*-value of ≤0.05 are marked with asterisks.

3.3. Induction of TNF-α and PP2Ac as consequences of ER stress {#sec0030}
--------------------------------------------------------------

One consequence of ER stress is the induction of TNF-α. Therefore we analyzed the expression of TNF-α on the mRNA and protein level in Huh7 cells after 24 h exposure to SiO~2~-NPs. [Fig. 2](#fig0010){ref-type="fig"}A shows a significant and dose-dependent induction of *TNF-α* mRNA. In addition, we analyzed the TNF-α protein level in the supernatant of Huh7 cells. An induction of TNF-α protein occurred after a 24 h exposure to SiO~2~-NPs at 0.005 mg/ml, which was significant at 0.05 mg/ml ([Fig. 2](#fig0010){ref-type="fig"}B). Another known consequence of ER stress is the induction of PP2Ac. A significant induction of *PP2Ac* mRNA was detected after exposure of Huh7 cells to 0.05 and 0.5 mg/ml SiO~2~-NPs ([Fig. 2](#fig0010){ref-type="fig"}C). PP2Ac was also induced at the protein level ([Fig. 2](#fig0010){ref-type="fig"}D).Fig. 2Induction of TNF-α and PP2Ac in Huh7 cells after exposure to SiO~2~-NPs. (A) Huh7 cells were exposed to 0.0005 (blank bars), 0.005 (diagonal strips), 0.05 (horizontal strips) and 0.5 mg/ml (vertical strips) SiO~2~-NPs for 24 h followed by determination of mRNA levels of *TNF*-*α*. (B) Huh7 cells were exposed to 0.005 and 0.05 mg/ml SiO~2~-NPs for 24 h followed by the investigation of TNF-α protein level in the cell culture supernatant. (C) Huh7 cells were exposed to 0.005 (blank bars), 0.05 (diagonal strips) and 0.5 mg/ml (horizontal strips) SiO~2~-NPs for 24 h followed by detection of mRNA level of *PP2Ac*. (D) Huh7 cells were exposed to 0.05 mg/ml SiO~2~-NPs for 24 h followed by Western blot analysis for PP2Ac (upper panel). As loading control the Western blot membrane was stained with Ponceau S solution (lower panel). Shown are the results of three independent experiments. Significant differences with *p*-value of ≤0.05 are marked with asterisks.

3.4. Activation of NFκB and interferon stimulated genes as consequence of ER stress {#sec0035}
-----------------------------------------------------------------------------------

ER stress and TNF-α can both lead to an activation of NFκB. We investigated the phosphorylation of p65, one member of the NFκB family. Upon exposure of Huh7 cells to 0.05 mg/ml SiO~2~-NPs p65 showed a weak activation ([Fig. 3](#fig0015){ref-type="fig"}A). As NFκB is a transcription factor regulating interferon-α and interferon-β, we analyzed the expression of interferon stimulated genes. The *IP-10* transcript showed a dose-dependent and significant induction ([Fig. 3](#fig0015){ref-type="fig"}B). *ISG-15* was significantly induced at 0.05 and 0.5 mg/ml SiO~2~-NPs and *IRF-9* was weakly but significantly induced at the highest concentration ([Fig. 3](#fig0015){ref-type="fig"}B).Fig. 3Activation of NFκB and induction of interferon stimulated genes in Huh7 cells after exposure to SiO~2~-NPs. (A) Huh7 cells were exposed to 0.05 mg/ml SiO~2~-NPs for 24 h followed by NFκB activation assay. (B) Huh7 cells were exposed to 0.005 (blank bars), 0.05 (vertical strips) and 0.5 mg/ml (horizontal strips) SiO~2~-NPs for 24 h followed by the investigation of mRNA level of *IRF-9*, *ISG-15* and *IP-10*. Shown are the results of three independent experiments. Significant differences with *p*-value of ≤0.05 are marked with asterisks.

3.5. Activation of MAP-kinase pathway {#sec0040}
-------------------------------------

As TNF-α leads to an activation of the MAP-kinases, the expression of four different MAP-kinases target genes, including *STAT1*, *CREB*, *c-Jun* and *c-Myc* was analyzed. A significant induction of *CREB* was observed after exposure of Huh7 cells to 0.05 and 0.5 mg/ml SiO~2~-NPs. *c-Jun* and *c-Myc* were weakly but significant induced after exposure to 0.005 mg/ml and strongly induced after exposure to 0.05 and 0.5 mg/ml SiO~2~-NPs ([Fig. 4](#fig0020){ref-type="fig"}A). No induction of *STAT1* was detected ([Fig. 4](#fig0020){ref-type="fig"}A). Additionally, the MPK-kinases target gene *p53*, which is negatively regulated through *c-Jun*, was analyzed. A significant down-regulation of *p53* occurred after exposure of Huh7 cells to 0.05 mg/ml SiO~2~-NPs and a very strong down-regulation after exposure to 0.5 mg/ml ([Fig. 4](#fig0020){ref-type="fig"}B).Fig. 4Activation of MAPK signaling pathway and inhibition of p53 in Huh7 cells after exposure to SiO~2~-NPs. (A) Huh7 cells were exposed to 0.005 (blank bars), 0.05 (vertical strips) and 0.5 mg/ml (diagonal strips) SiO~2~-NPs for 24 h followed by the investigation of mRNA level of *STAT1*, *CREB*, *c-Jun* and *c-Myc*. (B) Huh7 cells were exposed to 0.005 (blank bars), 0.05 (horizontal strips) and 0.5 mg/ml (diagonal strips) SiO~2~-NPs for 24 h followed by the investigation of mRNA level of *p53*. Shown are the results of three independent experiments. Significant differences with *p*-value of ≤0.05 are marked with asterisks.

3.6. Link between oxidative stress and ER stress {#sec0045}
------------------------------------------------

To analyze the potential induction of oxidative stress in Huh7 cells after exposure to SiO~2~-NPs, we determined ROS induction. To further demonstrate a mitigation of oxidative stress induction, we pre-treated Huh7 cells with the antioxidant N-acetyl-[l]{.smallcaps}-cysteine (NAC) for 30 min prior to the exposure to SiO~2~-NPs. In addition, we pre-treated Huh7 cells for 30 min with NAC followed by co-exposure to SiO~2~-NPs and NAC. The aim was to test, whether SiO~2~-NP related oxidative stress and associated expression of ER stress genes are lowered or prevented by NAC. Exposure to 0.05 and 0.5 mg/ml SiO~2~-NPs lead to the induction of oxidative stress ([Fig. 5](#fig0025){ref-type="fig"}A). Pre-treatment or co-exposure with NAC clearly reduced oxidative stress ([Fig. 5](#fig0025){ref-type="fig"}A). As there is evidence that oxidative stress causes ER stress, we analyzed the expression of two ER stress markers *BiP* and *XBP-1s* as well as the expression of *TNF-α* in Huh7 cells after pre-treatment with NAC and co-exposure with NAC and SiO~2~-NPs. Co-exposure of Huh7 cells with SiO~2~-NPs and NAC significantly reduced transcriptional expression of *BiP* and *XBP-1s* ([Fig. 5](#fig0025){ref-type="fig"}B). The *TNF-α* transcript was also significantly reduced when Huh7 cells were treated with NAC prior to the exposure to SiO~2~-NPs and when co-exposed to SiO~2~-NPs and NAC ([Fig. 5](#fig0025){ref-type="fig"}B).Fig. 5Induction of oxidative stress in Huh7 cells upon exposure to SiO~2~-NPs. (A) Huh7 cells were exposed to 0.005, 0.05 and 0.5 mg/ml SiO~2~-NPs alone (blank bars), or pretreated for 30 min with NAC followed by 24 h exposure to SiO~2~-NP (horizontal bars) or co-exposed to NAC and SiO~2~-NPs for 24 h (diagonal bars) followed by the investigation of oxidative stress. (B) Huh7 cells were exposed to 0.05 mg/ml SiO~2~-NPs alone (blank bars), or pretreated for 30 min with NAC followed by 24 h exposure to SiO~2~-NP (horizontal bars) or co-exposed to NAC and SiO~2~-NPs for 24 h (diagonal bars) followed by the investigation of the mRNA of *BiP*, *XBP-1s* and *TNF*-*α*. Shown are the results of three independent experiments. Significant differences with *p*-value of ≤0.05 are marked with asterisks.

4. Discussion {#sec0050}
=============

4.1. Induction of ER stress, activation of UPR and consequences {#sec0055}
---------------------------------------------------------------

Our present work deepened the understanding of the molecular effects of SiO~2~-NPs by focusing on ER stress response previously detected [@bib0060]. Here we showed that exposure of Huh7 cells to SiO~2~-NPs lead to ER stress and activation of the UPR. After 24 h, all three ER stress pathways were activated; the IRE1 pathway, resulting in the splicing of *XBP-1*, the PERK pathway, resulting in elevated transcription and translation of the transcription factor ATF-4 and the ATF-6 pathway, resulting in elevated transcription and translation of BiP ([Fig. 1](#fig0005){ref-type="fig"}A and B). The activation of the IRE1 and ATF-6 pathways occurred at all SiO~2~-NP concentrations, whereas the activation of the PERK pathway occurred at the two higher concentrations.

The induction of ER stress can have several consequences for the cell. Either the cell can cope with the stress and restore normal cellular functions, or it will undergo apoptosis. To restore cellular functions and remove the unfolded proteins from the ER, chaperons become up-regulated, protein translation is inhibited and protein degradation increases. In case the ER stress is too strong and the cell cannot restore normal ER function, apoptotic pathways will be activated [@bib0185]. Therefore, ER stress is one mechanism contributing to the cytotoxicity of NPs.

One important consequence of ER stress is the release of calcium from the ER lumen into the cytosol [@bib0055]. Increased calcium concentration in turn can have important consequences. One effect is the phosphorylation of the transcription factor CREB, which induces the transcription of protein phosphatase 2Ac (PP2Ac). Our data demonstrate the up-regulation of PP2Ac on the mRNA and on the protein level by SiO~2~-NPs ([Fig. 2](#fig0010){ref-type="fig"}C and D). PP2Ac is involved in a wide range of cellular processes including cell cycle regulation, cell morphology, development, signal transduction, apoptosis and stress response [@bib0115]. Therefore, the induction of ER stress followed by up-regulation of PP2A has marked cellular effects. Previously, increased cytosolic calcium concentrations were reported in neuronal cells after silica NP exposure [@bib0015], and interpreted as an influence of the nanoparticles on influx pumps. However, based on our data, the increased calcium concentration may also originate from the ER stress response. Induction of intracellular calcium transients was also found in human lung fibroblasts after exposure to silver nanoparticles [@bib0020]. Additionally, an increase in intracellular free calcium was observed after exposure of cells with TiO~2~-NPs [@bib0145]. Consequently, ER stress and associated alteration of calcium homeostasis triggering cellular toxicity may be an important effect underlying the cytotoxicity of NPs.

Furthermore, ER stress was also shown for other nanoparticles, including ZnO-NPs in human umbilical vein endothelial cells [@bib0040], poly(lactic-co-glycolic acid)-nanoparticles [@bib0110] and gold nanoparticles in human chronic myelogenous leukemia cells [@bib0215].

Activation of both the PERK and IRE1 pathways leads to regulation of the NFκB-IKK signaling pathway during ER stress through activation of IκB kinase (IKK) or degradation of the p65 unit [@bib0005]. The ATF6 branch of the ER stress response can also regulate NFκB activity [@bib0230]. We could also show the activation of NFκB in Huh7 cells after SiO~2~-NP exposure ([Fig. 3](#fig0015){ref-type="fig"}A). Consequences of the activation of NFκB are the induction of INF-α [@bib0005] and TNF-α [@bib0150]. This was also observed in our experiments ([Fig. 2](#fig0010){ref-type="fig"}A and B, [Fig. 3](#fig0015){ref-type="fig"}B). There is also a direct link between ER stress and TNF-α. Silencing of ATF4 and CHOP prevented the upregulation of TNF-α in cells [@bib0035]. Similarly, the induction of TNF-α was observed in human bronchial epithelial cells after exposure to titanium dioxide nanoparticles [@bib0220]. ZnO-NPs induced the expression of TNF-α in human keratinocytes. The up-regulation of TNF-α was dependent on the activation of the extracellular signal-regulated kinase (ERK) of MAPK pathways [@bib0120]. TNF-α belongs to the group of proinflammatory cytokines involved in the pathogenesis of several diseases including cancer [@bib0160], rheumatoid arthritis, diabetes and inflammatory bowel disease [@bib0225]. TNF-α is known as an endogenous tumor promoter [@bib0095]. Therefore, chronic human exposure to SiO~2~-NPs may ultimately result in adverse effects on human health.

Our data further corroborate on previous results the induction of ER stress by SiO~2~-NPs [@bib0060]. We therefore hypothesize that ER stress and up-regulation of UPR may be considered as a more general effect induced by nanoparticles.

4.2. Consequences of prolonged ER stress and activation of UPR {#sec0060}
--------------------------------------------------------------

Chronic and severe ER stress results in the activation of apoptotic pathways. Expression of CHOP, an important proapoptotic marker gene, is induced by ATF-4. CHOP itself induces the expression of the apoptotic genes *BIM* (member of the Bcl-2 family) and p53 upregulated modulator of apoptosis (*PUMA*). The IRE1 pathway may induce apoptosis by the activation of the apoptosis signaling kinase 1 (ASK1) and through interaction with tumor necrosis factor-associated factor 2 (TRAF2). Therefore, SiO~2~-NPs may show hepatotoxic activity through ER stress and induction of UPR. Another important gene transcript up-regulated in response to ER stress is *Noxa* [@bib0180], which induces apoptosis by the Usp9x-Mcl-1 pathway [@bib0235]. This could also contribute to the hepatotoxic action of SiO~2~-NPs.

Constant ER stress contributes to the development of the metabolic syndrome, is linked with hepatic steatosis and ER stress also inhibits hepatic lipoprotein secretion [@bib0090], [@bib0135], [@bib0170]. UPR activation including eIF2α phosphorylation and splicing of *XBP-1* mRNA was detected during adipogenesis. [@bib0200].

Additionally, the UPR plays also a role in cancer development. Activation of ATF-4 is critical for tumor cell proliferation and tumor growth [@bib0240]. The IRE1α-XBP-1 pathway is important for tumor cell survival and growth [@bib0025]. Therefore, it is conceivable that chronic exposure to SiO~2~-NPs may result in the induction of these alterations in the liver.

4.3. Inhibition of p53 {#sec0065}
----------------------

P53 is important for apoptosis, genomic stability, DNA repair, inhibition of angiogenesis and inhibition of growth by stopping the cells cycle in the G1/S phase. In case of irreversible DNA damage, p53 leads to induction of apoptosis [@bib0010]. In more than 50% cancers the p53 protein is either absent or non-functional due to various other reasons [@bib0080]. We found a significant down-regulation of *p53* in Huh7 cells after exposure to SiO~2~-NPs ([Fig. 4](#fig0020){ref-type="fig"}B). One reason for this down-regulation could be the up-regulation of *c-Jun*, as it is known that overexpression of *c-Jun* in cells results in decreased level of *p53* [@bib0195]. Another reason for the down-regulation of *p53* could be the activation of NFκB. It is known that NFκB can suppress p53 levels by upregulating mouse double minute 2 homolog (MDM2) expression mediated through B-cell CLL/lymphoma 3 (Bcl3) [@bib0140]. Transcriptional down-regulation of the tumor suppressor p53 could contribute to the cancerogenic activity of SiO~2~-NPs.

4.4. Link between oxidative stress and ER stress {#sec0070}
------------------------------------------------

In addition to induction of ER stress, we observed the induction of oxidative stress by SiO~2~-NPs ([Fig. 5](#fig0025){ref-type="fig"}A). Oxidative stress is a common reaction of cells to the exposure to nanoparticles [@bib0060], [@bib0030]. It is known that oxidative stress mediated Ca^2+^ release induces ER stress and UPR [@bib0085]. To investigate the link between oxidative stress and ER stress, we pre-treated Huh7 cells with the antioxidant NAC before exposure to SiO~2~-NPs. Pre-treatment of Huh7 cells with NAC reduced the SiO~2~-NP induced oxidative stress and the expression of ER stress genes and *TNF-α* ([Fig. 5](#fig0025){ref-type="fig"}A and B). But even when there was no oxidative stress (because of the NAC treatment) *XBP-1s* and *TNF-α* were still induced ([Fig. 5](#fig0025){ref-type="fig"}B). These data show that oxidative stress contributes to the induction of ER stress, but it is not the only factor leading to ER stress.

4.5. Mitogen-activated protein kinases (MAP kinases) signaling cascade {#sec0075}
----------------------------------------------------------------------

Three groups of MAP kinases belong to the MAP signaling cascade. Their function is to transduce a variety of extracellular signals that regulate cellular responses implicated in proliferation, differentiation and death [@bib0190]. The three most predominant members of the MAPK family are the extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 [@bib0130]. The MAP signaling cascade can be activated by TNF-α [@bib0190]. Here we demonstrate the activation of three MAP signaling cascade target genes, namely *CREB*, *c-Jun* and *c-Myc* by SiO~2~-NPs ([Fig. 4](#fig0020){ref-type="fig"}A). Therefore, we propose that the MAP signaling cascade is activated in response to ER stress. The activation of MAPK signaling cascade in cells following SiO~2~-NP exposure was previously observed in human bronchial epithelial cells [@bib0205]. Cerium oxide nanoparticles activate the MAP signaling cascade in human hepatoma SMMC-7721 cells [@bib0045]. Silver nanoparticles at non-cytotoxic concentration induced the expression of *c-Jun* in human hepatoma cells (HepG2 cells). This activation of the MAPK signaling cascade was linked to an increased proliferation of the HepG2 cells [@bib0125].

5. Conclusions {#sec0080}
==============

We investigated the ER stress response in Huh7 cells upon exposure to SiO~2~-NPs as well as down-stream events triggered by ER stress. SiO~2~-NPs lead to activation of NFκB and induction of interferon stimulated genes. We also monitored the activation of TNF-α and the activation of the MAP kinase target genes *CREB*, *c-Jun* and *c-Myc*. All these genes contribute to the activation of a proinflammatory response. Furthermore, we showed the up-regulation of PP2A in response to ER stress. Induction of PP2Ac and TNF-α and down-regulation of p53 induced by SiO~2~-NPs can contribute to the development of cancer after chronic exposure. Therefore we assume that chronic exposure to SiO~2~-NPs may lead to adverse health effects in the liver.
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